I. INTRODUCTION
For decades the common dogma was that the adult heart is incapable of regenerating lost myocardium after injury. Achieving cardiac regeneration or stimulating endogenous repair mechanisms to restore cardiac function after injury has been a goal of countless investigators. The longstanding belief that the adult heart has lost its capacity for self-renewal was a result of two simple observations. First, after myocardial infarction, there does not appear to be significant self-healing; instead, the primary repair mechanism is scar formation. Second, primary cardiac cancers are exceedingly rare, and cardiac rhabdomyosarcomas arising from cardiac myocytes are even more so. Furthermore, cardiac rhabdomyosarcomas are primarily felt to be embryonal in origin, not from mature adult cardiac myocytes, consistent with an extremely limited ability of cardiomyocytes to reenter the cell cycle.
In the last decade scientists have questioned whether the mature heart truly lacks the ability to create new myocardium after injury and instead have proposed that there may be significant endogenous regenerative capacity. Numerous reports of both adult cardiac myocyte proliferation and cardiomyogenesis by various endogenous progenitors have been published (FIGURE 1) (53) . These analyses are particularly challenging as the outcome of cell cycle activity is not necessarily cardiac division but instead can be one of many possibilities (FIGURE 2). Assessing and integrating these often conflicting research reports that both support and alternatively refute the regenerative capacity of the adult mammalian heart has become increasingly difficult. While the debate has certainly fueled renewed interest in the field of cardiac regeneration and expanded our understanding of cardiac growth and repair dramatically, it has left many researchers uncertain of the prospects of regenerating the heart, a therapeutic goal that investigators have pursued for over half a century. We will critically review the data that support both sides of this field of cardiac regeneration and the data that have attempted to quantify cardiomyogenesis using modern approaches. Likewise, we will briefly review the strategies presently being pursued to regenerate the heart after injury including the use of stem cells, which are already being used in clinical trials.
II. HISTORICAL PERSPECTIVE

A. Cardiac Myocyte Proliferation in Lower Vertebrates
Unlike mammals, lower vertebrates are well known to retain a robust potential to regenerate organs after injury including the heart. Cardiomyocytes isolated from newts reenter the cell cycle when stimulated with mitogens, with half these cardiac myocytes becoming multinucleated while the other half undergo division. To divide, newt cardiomyocytes need to partially dissembled their sarcomeric structures and dedifferentiate (phenotypically regress from a differentiated cardiac myocyte into more primitive cell state) (113) . Mature zebrafish or newts have substantial cardiac regenerative capacity, being able to restore myocardial structure even after removal of a large portion of the heart apex (40, 47, 54) . To identify the origin of the new cardiac myocytes in the regenerated myocardium, investigators created transgenic zebrafish with a cardiac myocyte-specific genetic tracking reporter system (40, 47, 56) . In this transgenic model, Cre recombinase-mediated recombination resulted in permanent green fluorescent protein (GFP) labeling of mature cardiac myocytes after exposure to tamoxifen while all the nonmyocytes (including progenitor cells) are GFP negative (FIGURE 3). When the apex of hearts from these transgenic fish was amputated, preexisting GFP-positive cardiomyocytes dedifferentiate, reenter the cell cycle, then redifferentiate into mature tissue, restoring normal architecture of the heart. There was no contribution from progenitor cells to the regenerated myocardium (40, 47) . These dedifferentiated cardiac myocytes originated from both ventricular and atrial cardiomyocytes, but both sources differentiated into mature ventricular cardiomyocytes (133) . The basis for the robust regenerative potential of lower vertebrates may be due to the plasticity of their cells. Newt cardiomyocytes implanted into regenerating limbs lost their cardiac phenotype and were able to transdifferentiate into skeletal muscle or chondrocytes. This reprogramming of cardiomyocytes required contact with the limb blastema, prompting the authors to postulate that signals from the limb blastema mediated dedifferentiation of cardiomyocytes, cell proliferation, and redifferentiation into cells of a different fate. Though a "lesser" vertebrate, 70% of the 26,000 zebrafish genes have human counterparts (humans have an estimated 20,000 genes). Therefore, dissecting cellular and molecular mechanisms of heart regeneration in these model organisms may help reshape our approaches in human heart regeneration.
B. Origins of the Dogma That the Mammalian Heart Is a Nonregenerative Organ
Until recently, our understanding of growth in the postnatal heart and its limited regenerative capacity was based primarily on studies performed in the 1970s-1980s (132). The common dogma was that during mammalian heart development, fetal cardiomyocytes divide robustly, but after
Myocyte division DNA repair Fusion with nonmyocyte cell Multinucleation (2 X 2N nuclei) FIGURE 2. Multiple cell fates are associated with DNA synthesis and reexpression of cell cycle proteins. Multinucleation (DNA replication with karyokinesis but no cytokinesis), polyploidization (DNA replication without karyokinesis or cytokinesis), fusion of nonmyocytes with cardiac myocytes, or DNA repair can all be associated with DNA synthesis and/or reexpression of cell cycle proteins but does not necessarily represent true cardiac myocyte division.
birth cardiac myocytes withdraw from the cell cycle and become the highly structured, postmitotic cells that characterize the adult heart (25) . Unlike skeletal muscle cells that proliferate as undifferentiated myoblasts, proliferating cardiomyoblasts express a full panel of sarcomeric proteins and contract in the fetal heart. When these cardiac myocytes divide, the sarcomeres disassemble to allow for cytokinesis and then reassemble in the two contractile daughter cells similar to newt cardiomyocytes (113) . A detailed analysis of cardiac myocyte size and number in adult human hearts concluded that while the mass of the heart may change through adolescence and in different disease conditions, the number of cardiomyocytes does not (131) , although this has recently been challenged (68, 73) . Thus it was thought that while adult cardiac myocytes in lower vertebrates retain proliferative potential, the ability for such division dramatically decreases soon after birth in mammals, and the number of cardiomyocytes remains fairly stable through life (68, 104) . Cardiomyocytes appear to grow to a finite size and length, which is conserved across mammals, independent of body mass (131) . It has been speculated that this stable cell cycle exit was an evolutionary advance in response to the highly structured morphology of the contractile proteins in the adult heart, which allows cardiac myocytes to generate the contractile force needed to sustain higher blood pressure in mammals (132) . Regardless, at this time it was felt that most adult mammalian cardiomyocytes enter a stable state of cell cycle senescence, and further postnatal growth of cardiomyocytes and increase in heart mass was almost entirely due to hypertrophy of existing myocytes. This lack of cardiac myocyte cell cycle reentry in mice even after growth stimuli was supported by detailed in vivo analysis using genetic tracking systems (102) . Most of the cell cycle activity reported in the adult heart was presumed to arise from nonmyocytes or very limited cell cycle reentry in adult cardiac myocytes that resulted in multinucleation or increased ploidy without proliferation. Although cardiomyocytes account for 90% of the mature heart mass, they make up only 40% of the total cells by number (71) . The remaining balance of cells in adult hearts is fibroblasts, endothelial cells, or vascular smooth muscles cells. These noncardiomyocyte cells retain the capacity to divide particularly with stress such as myocardial infarction complicating studies attempting to assess heart regeneration simply by looking at cells reentering the cell cycle.
The advent of radioactive probes allowed a reexamination of the regenerative capacity of rodent hearts. Radiolabeled thymidine should only be incorporated into DNA during S phase of the cell cycle (or to a much lesser extent during DNA repair). In cells capable of replication, exogenously delivered tritiated thymidine ([ 3 H]thymidine) is incorporated into the newly replicated DNA stably marking the cell. This method allowed scientists to identify cell types that are actively dividing in vivo during normal and disease states. These studies demonstrated that Ͻ0.0005% adult cardiac myocytes incorporated thymidine over a 24-h period, suggesting a very low capacity for cardiac myocytes to reenter the cell cycle (103) . More recent measurements using heavy isotope in a myocyte-specific genetic cell fate mapping mouse model demonstrated a similar rate, which is equivalent to a yearly turnover rate of ϳ1% (30, 104) . A confounding variable in all studies of cardiac cell cycle activity in vivo is that there are marked differences in rates of ploidy and nuclei number per cardiac myocyte between species (TABLE 1) (53) . Approximately 25% of human cardiomyocytes are binucleated, whereas 75% are binucleated in mice (57, 79) . In contrast to normal DNA copy number in mice, many human cardiac myocyte nuclei show increased ploidy (53) . In fact, much of the cardiac myocyte cell cycle activity during both normal aging and after myocardial injury lead to an increase in myocyte polyploidy and multinucleation as opposed to new diploid, mononucleated myo- 3. Regenerated cardiomyocytes are derived from preexisting cardiomyocytes not progenitor cells. Schematic diagram of genetic lineage tracing strategy used in zebrafish to identify the source of new cardiac myocytes in the regenerated heart. Cardiomyocytes in transgenic zebrafish were genetically labeled by inducing Cre activity with tamoxifen. These embryos were then grown to adulthood when the heart was amputated and allowed to regenerate. Preexisting cardiomyocytes (green: GFPϩ) in the injure borderzone dedifferentiate and proliferate to regenerate the resected apex over a period of 30 days.
cytes. This highlights the complex outcomes possible when adult cardiomyocytes enter the cell cycle and difficulty when trying to accurately assess cardiac myocyte proliferation in vivo (96, 104) . Even demonstrating mitotic figures could simply represent nuclear division resulting in more nuclei per cardiac myocytes as opposed to true myocyte cytokinesis (8) .
These issues, namely, that evidence of DNA synthesis, reexpression of cell cycle proteins, or even nuclear division in cardiac myocytes does not necessarily represent true cardiac myocyte division, have been the major hurdles in the field when interpreting results (8) . Cell cycle activity in adult cardiac myocytes can represent multinucleation (DNA replication with karyokinesis but no cytokinesis), polyploidization (DNA replication without karyokinesis or cytokinesis), fusion of nonmyocytes with cardiac myocytes, or DNA repair in addition to true proliferative activity (FIG-URE 2) (93) . It is potentially even more problematic in diseased hearts such as in heart failure patients where cardiac myocyte ploidy increases dramatically as a patient's heart dilates. The physiological significance of the increased DNA content per myocyte whether through increased nuclei or ploidy is unknown, but after unloading the heart and reducing left ventricular (LV) wall strain, ploidy reverts back towards a normal DNA compliment (123) . While these studies support the idea that adult cardiac myocytes can reenter the cell cycle and synthesize DNA, definitive proof for adult cardiac myocyte division in vivo is difficult to document.
C. Controversies in Heart Regeneration Research
Not all investigators believe the heart is postmitotic, with some claiming the heart demonstrates robust self-renewal with cardiac myocyte proliferation and niches of endogenous stem cells. New myocyte formation was claimed to be necessary to balance the equally low rate of apoptosis reported in normal adult hearts (78) . The controversies surrounding the presence of an endogenous cardiac stem cell are reviewed below, but with respect to cardiac myocyte division, studies often present images of cardiomyocytes with condensed chromatin that appeared to be in the prophase or metaphase stage of mitosis as proof of dividing cardiac myocytes (8) . However, as stated above, these studies could not differentiate between a myocyte undergoing cell division from a more limited nuclear division that would result in increased nuclei per myocyte, which has been well documented to occur in diseased cardiac myocytes. This is particularly true for human cardiac myocytes where 25% are binucleated and 75% of the cardiomyocytes contain nuclei that are polyploidy (containing more than the two homologous copies of chromosomes) (131) . In hypertrophied human hearts, this ploidy can increase such that in a moderate to severely hypertrophied heart only 10% of the cardiac myocytes have the normal 2N copies of DNA and 15-30% of the myocytes have as many as 16 copies of the chromosomal complement (132) . Studies examining the hearts of cancer patients who received iododeoxyuridine (IdU) therapy, a thymidine analog, as a radiosensitizer for radiation therapy demonstrated the fraction of myocytes labeled by iododeoxyuridine ranged from 2.5 to 46% (42) . Similar to thymidine, IdU is incorporated into new DNA of cells during S phase or the repair process. The authors concluded that 0.02-0.14% of cardiac myocytes regenerate each day, which would equate to 22% of the heart regenerating each year, but issues such as increases in ploidy were not addressed (42) . These studies are in dramatic contrast to studies performed in mice using a radioactive thymidine analog which estimated much lower rate and recent studies using stable isotope labeling and multiisotope imaging mass spectrometry (MIMS) allowing irrefutable identification of cardiac myocytes. The investigators demonstrated a low rate of cardiac myocyte DNA synthesis in normal hearts predominantly resulting in changes in ploidy but also infrequent de novo cardiomyocyte formation at a very low rate (Ͻ1%/year) through division of preexisting cardiomyocytes during normal ageing. This cardiac myocyte proliferation increased in areas adjacent to myocardial injury but still remained low (96) . This conclusion is supported using a completely independent technology of in vivo clonal analysis dubbed "mosaic analysis with double markers" (MADM) in mouse hearts (1) . In the MADM assay, the two daughter cells of a dividing cell are indelibly and uniquely "single-labeled" either GFPϩ or RFPϩ because of interchromosomal Cre-loxP recombination after S phase (137). The results of this analysis in adult mouse hearts demonstrated very low rates of new myocyte formation. While this group did not find difference of cardiac myogenesis between postinfarct or sham hearts, it may be related to the shorter follow-up period as well the intrinsic inefficiency of the recombination-based MADM system (35) . Thus accumulating data, at least in mice, seem to strongly support the notion that adult cardiac myocyte cell cycle reentry occurs at a very low rate and myocyte division is rare.
It seems unlikely that technological issues alone would explain the discrepancy between reported regenerative potential of the human (42) compared with mouse, but species specific differences in ability to reenter the cell cycle could. To address this, investigators analyzed human heart samples that took advantage of the fact that prior to the Nuclear Test Ban Treaty of 1963, nearly two decades of nuclear bomb tests occurred above ground resulting in relatively high atmospheric levels of carbon-14. During this period, carbon-14 emitted from the fallout quickly equilibrated throughout the world as 14 CO 2 and when inhaled or ingested was incorporated into the DNA of newly forming cells. Once the test ban was in effect, levels of 14 CO 2 quickly decreased so that any new cells generated after the mid 1960s would no longer incorporate 14 CO 2 at the same rate and cells that were proliferating would dilute the levels of this isotope within their DNA. Through examination of a series of myocardial samples obtained from autopsies spanning this period, investigators demonstrated that at the age of 25, ϳ1% per year of the cardiomyocytes were regenerated but by age 75; this number had fallen to 0.45% per year seemingly supporting the concept of very low rates of myocyte turnover in normal human hearts as well (9) . Thus, while most studies indicate that the rate of postnatal cardiac myogenesis is very low and declines with age, there is no closure regarding this subject. A conflicting study also based on 14 C incorporation in human cardiac myocytes and using a different model to interpret the results reported cardiomyocyte turnover in humans was 7-23% per year (41). The authors concluded that the adult human heart entirely replaces its myocyte population eight times in an average life span; however, this paper was subsequently retracted because of concerns over compromised data, although the specific details have not been made public (41) .
So what conclusions can we make from these seemingly discrepant data? We believe that cardiac myocyte cell cycle reentry in normal hearts, whether mouse or human, after adolescence is low and rarely results in new myocyte formation (68, 73) . Whether the marked changes in ploidy in human diseased hearts (12) represents a species specific difference in potential to reenter the cell cycle, or is more likely to result in new myocyte formation will require examination of 14 C levels in hypertrophied or failing human hearts or prospective heavy isotope labeling experiments similar to mice as has been done to accurately calculate cycling rates in other human tissues (14) . Regardless, any study in this area needs to be cognizant of the challenges in accurately measuring myocyte division and acknowledge the limitations of the methodologies used (3). To deal with this complexity, we believe histological examination of myogenesis should be complemented with assays on dissociated single cells including myocytes and nonmyocytes whenever possible. Studies that have used time-lapsed video microscopy to assess cycling in isolated cardiac myocytes have shown virtually no acute cell cycling or division in normal adult cardiac myocytes (10, 95) . Likewise, cardiac-specific transgenic models allowing fate tracking that support objective, high-throughput analysis in dissociated single myocytes should be the gold standard when studying heart regeneration in animals. Furthermore, because new myocyte formation is much lower than in other cell types and spans a longer cell cycle progression period, cumulative labeling of proliferative cells with markers such as heavy isotopes or thymidine analogs provides more accurate quantification for myocardial regeneration, even though other cell cycling markers such as Ki67, PCNA, aurora kinase B, phosphorylated histone H3 at serine-10 or -780 (H3pS10, H3pS780) can reveal cell cycle activity at the specific time point being examined. Finally, recognition that markers of DNA synthesis or cycling do not equate with division in cardiac myocytes would dramatically reduce claims of cardiac myocyte proliferation and regeneration.
Although we have believed for decades that cardiomyocytes permanently exit the cell cycle after birth effectively preventing a regenerative response, new data suggest that there may be a persistent, but low, rate of new cardiac myocyte formation even in adult hearts. What is less certain is whether this is a general property of all cardiac myocytes and occurs through dedifferentiation similar to lower vertebrates or whether there is a subset of proliferation competent cardiac myocytes in the adult heart that accounts for this activity. In fact, there are data that indirectly support both of these models. Several investigators have claimed that mononuclear cardiac myocytes in mammals, similar to newt cardiomyocytes, account for the cell activity seen in stimulated hearts (10) . Similarly, the ability of dedifferentiation cardiac myocytes to reenter the cell cycle has been known for some time, but this has now been suggested to occur in vivo as well (134) . It may be that both processes are occurring as one group has suggested the low rates of myocyte turnover in the adult heart originate from both a pool of persistent cardioblasts (65) and very low rates of dedifferentiation of existing cardiac myocytes after injury (134) . They also suggested the regenerative effects of cell therapy could be explained by stimulation of these endogenous cells (65, 66) . Differentiating among these alternate models will require novel fate mapping approaches but regardless argues for optimism that approaches to stimulate endogenous cardiac myocyte proliferation is a viable therapeutic approach.
D. Do Endogenous Progenitors Give Rise to New Cardiac Myocytes in the Adult Heart?
Numerous groups have suggested the presence of endogenous cardiac progenitors that have been identified with a series of different cell surface markers. While c-kitϩ cardiac stem cells have been promoted extensively as a potential source for endogenous cardiac stem cells, other markers have also been proposed to identify endogenous cardiac stem cells including the SCA-1 (Ly6A) (77) and ABC transporter cells (83) (side population cells that efflux Hoechst dye on flow cytometry) (FIGURE 1). Cardiospheres, a threedimensional culture system, have been proposed as an alternative method to expand endogenous cardiac progenitors in vitro (67) even if the identity of the progenitor cell is unknown (100). While cardiospheres appear to contain a rare cardiac progenitor population that has limited cardiac myocyte differentiation potential (29) , whether it represents an endogenous cardiac stem cell or is generated ex vivo by the cardiosphere process will await definitive markers that allow its precise identification. There is a vast amount of data demonstrating differentiation of isolated cardiac stem cells in culture or alternatively reinjecting cells expanded in vitro into hearts after injury, which has been reviewed by others (43) . However, there are much less data supporting their presence in vivo and a paucity documenting a functional role for endogenous cardiac stem cells. In fact, the direct visualization of endogenous stem cells through coexpression of c-kit and Nkx 2.5 has been shown by a limited number of investigators in mouse or human hearts (7, 119) .
To define the functional role of these cardiac stem cells in vivo, investigators have utilized genetic tracking systems to examine their contribution to new cardiomyocyte formation after myocardial infarction. With the use of a common LacZ-GFP labeling model along with an inducible, cardiacspecific Cre recombinase, it is possible to label ϳ75% of the existing adult cardiac myocytes with GFP while the nonmyocyte population, presumably including the cardiac stem cell population, remains GFP-negative but LacZ positive. The initial report using this model concluded there was a significant contribution of endogenous progenitors to new myocyte formation after myocardial infarction when they observed a reduction of the percent of GFP-positive myocytes (36) . This was expanded further in a subsequent study claiming that cell therapy could further enhance the myogenesis from an endogenous progenitor pool after injury (62) . However, in response to criticisms that these results could be also secondary to differential sensitivity to cell death of cardiac myocytes expressing different tracking proteins (GFP versus LacZ), the authors developed a pulsechase approach with 15 N-labeled thymidine and use MIMS to determine new myocyte formation. In contrast to their earlier studies, this approach revealed no contribution of progenitor cells but seemed to support the concept that their earlier results reflected differential death rates as opposed to new myocyte formation from a progenitor cell pool. They demonstrated that the genesis of cardiomyocytes occurs at a very low rate (Ͻ1%/year) through division of preexisting cardiomyocytes during normal ageing, a process that increases adjacent to areas of myocardial injury (96) . While there continue to be conflicting studies claiming endogenous progenitors are necessary and sufficient for the regeneration and repair of myocardial damage, these studies continue to use the problematic LacZ-GFP genetic tracking model described above that gave inconclusive results (24).
The strongest evidence questioning the role of endogenous c-kit cardiac stem cells comes from a detailed genetic lineage mapping study that directly labeled endogenous c-kit cells within the heart and concluded that they contributed an insignificantly small number of cardiomyocytes in the mature adult heart even after injury disputing previous studies that claimed a critical role for c-kit cells in endogenous repair (120) . Thus, although there appear to be cells that when isolated and propagated ex vivo have limited capacity to differentiate into cardiovascular cell types, definitive proof for a role for them in normal homeostasis or repair after injury is lacking.
III. STRATEGIES TO REGENERATE THE HEART
A. Stimulating Cardiac Myocyte Proliferation
While cardiac myocytes from lower vertebrates have a significant ability to dedifferentiate, proliferate, and then redifferentiate allowing reconstitution of damaged myocardium, this ability was thought to be lost in mammals. However, experiments published in 2011 suggest that we may be born with this capacity but lose it soon after birth (87). The apex of a newborn mouse heart can be resected, and by 21 days postinjury, the heart regenerates completely without evidence of scarring (87) . Analysis of the regenerative process in these neonatal mice demonstrated that it is the cardiomyocytes themselves that dedifferentiate, reenter the cell cycle, and divide to regrow a normal heart. In contrast, if the mouse apex is removed 7 days post birth, the heart will undergo a fibrosis response and result in heavy scarring akin to what would be expected in the adult heart (87). A similar regenerative capacity was seen when newborn mice were subjected to a myocardial infarction (86) . This finding is consistent with recent data suggesting there is persistence of cardiomyocyte proliferative capacity well beyond the perinatal period into preadolescence (73) . While exciting and suggesting there may be developmental pathways that can be exploited for therapeutic purposes, at least one group has been unable to repeat these findings (2). The reason for this divergent regenerative response remained elusive; however, many investigators have since confirmed the original findings and capacity of the neonatal heart to regenerate itself (92) .
Clearly, in disease states, adult mammalian cardiomyocytes have an ability to replicate DNA, but they rarely advance to the step of cytokinesis. Why mature mammalian cardiac myocytes lose their ability to undergo cell division remains unclear, but it correlates with a permanent silencing of G2M cell cycle genes similar to senescent cells. Also similar to senescent cells, the genes responsible for cell division become condensed and wrapped up into transcriptionally inactive heterochromatin in adult cardiac myocytes (95) . When heterochromatin formation was disrupted allowing reexpression of cell cycle genes, the adult cardiac myocytes regained the ability to reenter the cell cycle. Of concern to those hoping to use cardiac myocyte proliferation as a therapeutic strategy, these hearts also became dilated and developed systolic dysfunction (95) . Whether this dysfunction is specific to the model or a result of the transient disassembly of sarcomeres leading the loss of contractile function is unclear but may provide insight into why mammals have lost the ability for adult cardiac myocytes to reenter the cycle. Another recent report focusing on this perinatal period from day 3 to day 7 when the cardiomyocytes lose their ability to divide demonstrated that Meis1 (myeloid ecotropic viral integration site 1 homolog) is upregulated in myocardium in the early postnatal period and may mediate cardiomyocyte cell cycle exit. When Meis1 protein levels were reduced, there was a 10-fold increase in proliferation of cardiomyocytes within 1 wk (63). How these distinct mechanisms interact is unknown, but both are amenable to molecular manipulation and thus could be regulated to promote cardiac myocyte proliferation in vivo.
Another pathway implicated in regulating cardiac myocyte proliferation is the Hippo-YAP pathway. Hippo is a kinase that functions together with Yes-associated protein (YAP) to regulate cellular growth and survival in multiple organs, including the heart (34, 126). Hippo inactivates YAP, a transcriptional coactivator for TEAD sequence specific DNA-binding proteins, and thereby Hippo can suppress cell cycling. YAP can also stimulate cardiomyocyte proliferation and survival at least in part through Pik3cb by activating the PI3K-AKT pathway (61) . Hippo through Yap impedes neonatal heart regeneration, resulting in increased scar formation (33, 125) . Cardiac-specific YAP activation after myocardial infarction improved cardiac function, and reduced infarct size by stimulating cardiac myocyte proliferation (60, 125) . Interestingly, activating YAP and cardiac myocyte proliferation did not seem to deleteriously affect heart function in adult myocardium (60) , suggesting the results seen in earlier studies based on a strategy of deleting the retinoblastoma gene product (Rb) may be specific to that model (95) . Together, these findings suggest that activating YAP or its downstream targets after myocardial injury may be a useful strategy to promote regeneration and improve cardiac function. However, a major limitation of this field is an understanding of how these various pathways implicated in cardiac myocyte proliferation interact and are related to each other.
Attempts to directly reactivate adult cardiomyocyte proliferation with cell cycle proteins after injury have proven remarkably difficult (FIGURE 4). Early studies overexpressed viral oncoproteins such as adenovirus E1A and SV40 large T antigen (SV40), which are well known for their ability in overriding cell cycle checkpoints. Transgenic mice expressing SV40 large-T antigen specifically in the ventricles developed ventricular hyperplasia or cardiomyopathy depending on the developmental timing of expression (23, 44) but also tumors when expressed in the atria (27) . Likewise, overexpression of E1A or its downstream effector, E2F-1, activated DNA synthesis but resulted in widespread apoptosis that limits its usefulness as a regeneration strategy (48, 49) . Since proliferating cardiac myocytes express high levels of cell cycle activators and low levels of cell cycle inhibitors (13, 84, 85) , attempts to induce cardiomyocyte proliferation have often focused on overexpressing cell cycle activators or deleting the inhibitors in the adult heart. Constitutive expression of cyclin D1, D2, or D3 in transgenic mice stimulates DNA synthesis in adult myocardium at very low levels, but only cyclin D2 overexpressing mice demonstrated a reduced infarct size after injury, suggesting limited regeneration had occurred (82) . Similar results were also seen in cyclin A2 overexpressing transgenic mice including reduced scar and improved LV function after injury (17, 20) . These investigators attempted to translate this into a more clinically relevant model by delivering cyclin A2 via adenovirus to infarcted porcine heart. Cyclin A2 overexpression postinfarct improves cardiac function, which was attributed, at least in part, to enhanced myocyte proliferation (98) . A major limitation of studies analyzing the effects of constitutively active transgenes is to differentiate mechanisms that may include dedifferentiation and proliferation of adult cardiac myocytes, stimulation of cardioblasts as suggested above, enhanced proliferation (and differentiation) of endogenous cardiac progenitor cells, or that a subset of cardiac myocytes in the transgenic hearts never underwent terminal differentiation because of the persistent expression of a positive cell cycle activator. Even studies that used adenoviral delivery of cyclin A2 into postinfarct hearts resulting in enhanced cardiac function associated with cardiac myocyte mitosis do not distinguish between these cellular mechanisms (98, 124) .
Cell cycle activity is dependent on the balance between active and negative regulators. These cell cycle inhibitors, which form complexes with cyclin-dependent kinases (CDKs), are dramatically upregulated in adult ventricular myocytes (85) . Compared with ventricular myocytes, atrial myocytes express much lower level of CDK inhibitors p21, p53, and 14-3-3, which may explain why they retain the ability to renter the cell cycle even in adult hearts (134) . Targeting inhibitory cell cycle molecules in neonatal or adult ventricular myocytes by knocking down CDK inhibitors p21(Waf1), p27(Kip1), and p57(Kip2) by siRNAs induced cell cycle reentry and cytokinesis. Triple knockdown promoted higher myocyte proliferation compared with targeting single or double CDK inhibitors. Whether this approach can stimulate true cardiac regeneration after injury and whether it can be translated to humans remains to be determined, but as of yet, no therapy targeting cell cycle regulators in the heart has yet reach clinical trials in humans.
Recently it was suggested that the signal that provokes cellcycle arrest of neonatal CM is the perinatal surge in reactive oxygen species (ROS) that causes oxidative DNA damage eliciting a DNA damage response (DDR) in the heart during the first postnatal week (89). The DDR activates pathways through ATM/ATR and Chk1/2 kinases that block CDK activity, causing hypophosphorylation of Rb leading to cell cycle arrest followed by DNA repair or cell arrest with a senescence-like phenotype. While ROS may induce cell cycle exit, the end effectors were not identified (89) . Interestingly, it has been reported that HP1 and H3K9me are crucial for DDR and prevent uncontrolled proliferation seen in carcinogenesis (55) , which would link this pathway to the heterochromatin formation that silences cell cycle genes in adult cardiac myocytes. Reprogramming of the DNA methylome in postnatal cardiac myocytes may also confer another layer of epigenetic regulation that coordinates the balance of cardiac maturation and cell cycle activity (31) . Targeting specific epigenetic changes to induce heart regeneration while promising remains largely untested (81) .
A number of investigators have investigated the role of microRNAs (miRNAs) in cardiac myocyte cell cycle control (FIGURE 4). miRNAs regulate many regulatory pathways in cardiac development including cardiac myocyte proliferation and cell cycle exit. To identify miRNAs that might promote cardiac myocyte proliferation, investiga- Fibroblast transdifferentiation FIGURE 4. Strategies to regenerate adult heart after injury. Schematic diagram depicting strategies, outlined in the text, for regenerating new heart muscle after cardiac injury.
tors performed a high-throughput screen using a whole genome miRNA library in neonatal cardiomyocytes. Of the 875 miRNA mimics examined, 40 induced cell cycle progression including miR-590-3p and miR-199a-3p (26) . Overexpression of miR-590-3p and miR-199a-3p in neonatal mice increased the proliferation of cardiomyocytes but not cardiac fibroblasts as well as reduced scar formation and improved cardiac function post-MI (26) . Although the definitive targets of these miRNAs are unknown, it does suggest that they could be used as therapeutic reagents to promote myocardial regeneration following cardiac injury. With the use of a different approach based on developmental expression, miR-195 (a member of the miR-15 family) was identified as the most highly upregulated miRNA during the perinatal period. Knockdown of the miR-15 family in neonatal mice was associated with an increased number of mitotic cardiomyocytes (86) , extending the regenerative window and improving LV function after myocardial infarction (88) . Targeting additional miRNAs (miR-29, miR-30, and miR-141) that are upregulated during postnatal maturation but downregulated during dedifferentiation and proliferation of adult cardiac myocytes promotes myocyte cell cycle and proliferation (15, 135) . Regardless of the approach, there are now numerous molecular targets that can be exploited to promote cardiac myocyte proliferation; however, this therapy is not without risks. Cardiac myocyte proliferation and dedifferentiation may induce heart failure if cardiac myocyte cell cycle reentry is associated with reduced contractile function (50, 95) .
B. Cell Transplantation With Adult and
Cardiac Stem Cells
Cardiac cell therapy with adult stem cells
Cardiac cell transplantation was first described in the mid-1990s by several groups using various cell types (70, 115) . Transplanting cells directly into and around the injured myocardium reduced scar formation and improved LV function postmyocardial infarction (70, 114) . Although there were initial reports that the mechanism of benefit of the transplanted cells was due to transdifferentiation into cardiac myocytes, this was subsequently proven not to be the case (91) . Instead, it is now felt that the majority of the beneficial effects of these cells are related to the release of paracrine and autocrine factors that modulate apoptosis, inflammation, vascularity, and healing of the infarcted tissue (43) . Thus, when investigators reported that a bone marrow-derived cell, expressing the cytokine receptor c-kit, could differentiate into cardiomyocytes and regenerate injured myocardium, there was intense interest. It was reported that these mobilized c-kit-positive cells could regenerate 68% of the infarcted left ventricle wall and improve cardiac function when directly injected into infarcted heart tissue (80).
While this study garnered great excitement, two independent groups, using genetic lineage tracing and parabiotic systems, demonstrated that endogenous c-kit expressing cells from the bone marrow could not differentiate into cardiomyocytes and regenerate heart tissue. The bone marrow c-kit-positive cells did not demonstrate any significant conversion into cardiomyocytes, nor was there any significant capacity of these cells to restore heart function (6, 69) . Despite questions as to the reproducibility of these findings, cell therapy with bone marrowderived cells was translated into human subjects almost immediately (5, 106). However, after over a decade of use and thousands of patients receiving cell therapy, both the magnitude and mechanism of any benefits remain uncertain. Although investigators initially believed that the benefits of these bone marrow-derived cell arose from their ability to form cardiomyocytes by transdifferentiation similar to the claims in the 1990s, there is now general agreement that long-term engraftment of transplanted cells and differentiation of the injected cells to cardiomyocytes is very limited, if it occurs at all. Instead, investigators now believe the benefits of cardiac cell therapy are independent of engraftment and differentiation and that cells delivered to the heart release soluble factors that mediate cardiac repair, neovascularization, and cytoprotection in a paracrine manner (112) . It has been proposed that transplanted cells activate endogenous regenerative mechanisms leading to cardiac myogenesis, but consensus on this new hypothesis will await more definitive lineage tracking experiments and confirmation by independent labs. Although large phase III trials that are adequately powered to determine the benefits of cell therapy are still lacking, recent meta-analysis of published trials comparing bone marrow-derived cells to conventional therapy concluded there was about a 3% absolute improvement in LV ejection fraction (28) . Of concern with this conclusion is that there was a strong correlation between the number of discrepancies in a study and the reported increment in ejection fraction. In the five trials without discrepancies, there was no effect of bone marrow stem cell therapy on ejection fraction (74) . While future clinical trials of bone marrow cell therapy may demonstrate that this is a promising approach after myocardial injury, there are little data to support that this benefit is secondary to new myogenesis.
Endogenous cardiac stem and progenitor cells
Given that investigators have reported endogenous cardiac stem cells it was assumed they might have added regenerative properties compared with other cell sources.
To test this hypothesis, these studies have primarily concentrated on two sources of cells. The most work has focused on c-kit expressing cells that reside in murine and human hearts. Numerous animal studies have demonstrated that these cardiac c-kit cells could be isolated and transplanted into recipient animals reconstituting the in-farcted ventricular wall, reducing infarct size and restoring LV function (7) . On the basis of this promising preclinical work, a human clinical trial was begun in which c-kitϩ cells from left atrial appendage at the time of bypass surgery were isolated and reinjected into infarcted tissue (SCIPIO trial) (11) . An interim analysis suggested that intracoronary infusion of autologous cardiac c-kit cells is effective in improving LV systolic function and reducing infarct size in patients with heart failure after myocardial infarction. While these results are encouraging, there was an expression of concern after issues were raised over data presented in two supplemental figures (116) . It is not clear how this expression of concern impacts the overall conclusions of the study, but hopefully ongoing studies will provide a definitive answer on the efficacy of cardiac c-kit cells.
Cardiosphere transplantation has also been proposed as a means of regenerating the heart after myocardial infarction. While cardiospheres contain a rare cardiac progenitor population that has limited cardiac myocyte differentiation potential (29) , their therapeutic benefit in vivo is likely independent of this progenitor cell and has been proposed to be secondary to stimulating endogenous repair mechanisms including new myogenesis (59, 65) . Although the active cell in cardiospheres is unknown, CD90-negative population tended to perform better in terms of cardiac differentiation potential and therapeutic benefit in injured hearts (19, 29) . The first phase I trial in humans using cardiospheres, CADUCEUS, did not demonstrate a significant difference in LV ejection fraction or volumes between groups; however, compared with the control group, CDC-treated patients showed an increase in viable myocardium and reductions in scar mass at the 6-month time point (64) . Although exciting, these results need to be viewed with caution as the numbers of patients were small and follow-up was not uniform. Clinical trials with larger numbers of patients and longer follow-up times are necessary to establish efficacy of endogenous cardiac cells in ischemic cardiomyopathy.
C. Pluripotent Stem Cells
Embryonic stem cells
The heart's limited regenerative ability has driven scientists to look for other sources of renewable cardiomyocytes. Human embryonic stem cells (ESC), first isolated by James Thomson in 1998 (117) , offered a potential source. Embryonic stem cells are cultured cells isolated from the inner cell mass of the blastocyst in the early stages of embryogenesis. These cells retain the potential to differentiate into any cell type if given the appropriate growth factors. Initial attempts to culture cardiomyocytes relied on embryoid body formation, which gave poor yields of contractile cells, often less than 10% of the total population (45) . There was also a belief that the heart milieu itself could provide either critical cell-cell interactions or growth factors to direct embryonic stem cells to a cardiac phenotype and integrate into surrounding myocardium. This notion was quickly dispelled as injected ESCs into mouse myocardium formed large teratomas rather than mature cardiomyocytes (75, 109) . These studies also demonstrated that the differentiated products of ESCs are not "immune-privileged" as had been suggested for the parental cells (58) and were quickly rejected by recipient animals unless these animals were immunosuppressed (108 (52, 127) . However, these cells can be induced to mature in vitro if cultured in three-dimensional matrices under loadbearing or electrical stimulation conditions, which results in increased sarcomere banding, myofibril formation, and spontaneous contractions (97, 118) . Human ESC-derived cardiac myocytes (ESC-CM) also matured into typical, mature rod-shaped myocytes when transplanted into primate hearts in vivo (21) .
Human ESC-CM transplanted into the hearts of athymic rats (39) or immunocompetent guinea pigs treated with cyclosporine (99) have been shown to survive for up to 4 wk. ESC-CM also engraft in the pig heart and electrically couple to the host myocardium (46) . Transplanted human ESC-CM postinfarct have been shown to improve fractional shortening or ejection fraction by 20 -40% in rats (16, 52) . In rodent postinfarct models, ESC-CM have also been shown to reduce spontaneous or induced ventricular arrhythmias (99) . While exciting, there has been discussion of whether these improvements are durable since by 12 wk the enhanced cardiac function was no longer statistically different from the control animals (121). More recently, human ESC-CMs were shown to survive, engraft, and electrically couple to host myocardium in a non-human primate model (21) . This is the first report of significant remuscularization by exogenous cells in a large animal model. However, the ESC-CM transplants demonstrated increased ventricular arrhythmias not seen in earlier experiments in rodents. The mechanism of these arrhythmias is unclear but may be due to the size of the grafts, developmental stage of the injected cardiac myocytes, or slower heart rate of primate host allowing reentry circuits. Clearly this issue, along with immunosuppression and potential for teratoma formation, will need to be addressed before this can be translated into humans, but this remains a very promising approach to remuscularize infarcted hearts.
Induced pluripotent stem cells
Soon after the fusion of sex specific germ cells to create the zygote, a wave of genetic modifications starts to silence genes and limit the cell's ability from becoming any cell type as the process of differentiation to a more specified cell type begins. Although mature somatic cells still contain all the genetic information of that first totipotent zygote, it no longer retains an ability to revert back to an earlier state. In the 1950s botanists famously isolated a somatic cell from a carrot and were able to culture and grow a new carrot demonstrating, at least in plants, an ability for somatic cells to overcome their lineage restrictions and revert back to a totipotent state (105). This was followed rapidly by cloning of Xenopus in 1958 (32) and later of larger mammals cloned by transferring the nucleus from a somatic cell to an unfertilized egg (122) . This demonstrated a long-held belief that somatic cells retained all the genetic information required to recapitulate a totipotent cell. The method, namely, somatic cell nuclear transfer (SCNT), by which a somatic cell nucleus could be reprogrammed was not unique to the unfertilized egg as researchers discovered that fusion with ESCs could also induce a similar change (22) . These pioneering studies laid the foundation for the landmark study published in 2006 demonstrating that a cocktail of four genes (c-Myc, Oct3/4, Sox2, and Klf4) known to maintain a pluripotent state in stem cells, when expressed in mouse fibroblasts using retroviruses, could convert these somatic cells into cells with capabilities similar to ESCs. These cells were called "induced pluripotent stem" (iPS) cells (111) . One year later, fibroblasts from humans were reprogrammed back to a pluripotent stem cell state using similar cocktails of genes: one set with c-MYC, OCT3/4, SOX2 and the other set with KLF4, or OCT3/4, SOX2, NANOG, LIN28 (110, 130) . Since these discoveries, many papers have emerged demonstrating novel methods for achieving similar results using fewer genes (37, 72) or nonviral methodologies that aimed to avoid potentially mutagenic effects of integrating viral delivery methods (76) . Investigators have also been able to substitute many of the original factors with the addition of small molecules (37) or miRNAs(4) or by modifying culture conditions to promote pluripotency (129) . These methods have made generating iPS cell lines faster and cheaper, but the significance of residual epigenetic and transcriptional aberrations after reprogramming on their safety in clinical settings will need to be determined before they replace more convention pluripotent stem cell sources. Careful analysis of pluripotent stem cells derived via SCNT or by iPSC factors revealed comparable levels of genomic aberrations, suggesting neither reprogramming method is superior and that genomic instability may be inherent to the reprogramming process (39) . Therefore, ESC will probably remain the first choice for human cell therapy until the functional consequences of these aberrations are known or new reprogramming techniques are developed that prevents them from accumulating.
Injection of iPS-derived cardiac myocytes, smooth muscle cells, and endothelial cells demonstrated engraftment of all cell types (128) . Interestingly, there were significant improvements in LV function despite relatively low rates of engraftment compared with earlier studies using ES cell-derived cardiac myocytes in nonhuman primates (21) . The authors suggest that the benefits might be multifaceted including reductions in apoptosis, angiogenesis, and improved metabolism. This highlights the fact that cardiac cell therapy may work by multiple mechanisms distinct from remuscularization, and whether regenerating significant amounts of new myocardium has added benefit needs to be determined.
Numerous investigators have demonstrated that iPS cells can be differentiated into cardiac myocytes (94) and that these cells demonstrate properties comparable to cardiomyocytes derived from ESCs (94) . Armed with the knowledge that somatic cells could be reprogrammed using combinations of transcription factors, researchers have attempted to reprogram fibroblast directly into differentiated cells (FIGURE 4). A combination of three transcription factors was used to convert exocrine pancreatic cells to endocrine cells or neurons (136) . In 2010, a trio of transcription factors (Gata4, Mefc2, and Tbx5) were identified after screening a pool of 14 candidate genes involved in cardiomyocyte development that when infected into mouse fibroblasts could induce 20% of cells to become cardiomyocyte-like cells, with the first signs of cardiomyocyte specific protein expression after only 3 days (38) . However, other investigators have not been able to reproduce this efficiency using the three transcription factor cocktail (18) , and a later study suggested that four transcription factors, GATA4, HAND2, MEF2C, and TBX5, were required to efficiently transform fibroblasts into beating cardiac-like myocytes in vitro (101) . Infecting the postinfarct heart with these transcription factors (90) or combining them with HAND2(101) resulted in 4 -35% of the cardiomyocytes in the region bordering the infarct zone being derived from the infected fibroblasts, with a reduction in scar area and improved LV function. However, these studies are in their infancy, and it is likely as the field matures that issues will also arise from this approach. Obviously, if these findings prove reproducible, it could provide another therapy to generate de novo cardiac myocytes in vivo. The robustness of the conversion of fibroblasts is poor, and these studies have primarily been performed with rodent cells. Whether similar approaches will work in humans needs to be ex-plored. Retroviral infection of fibroblasts has many caveats when considering human applications, namely, concern for infection frequency, random genomic insertion sites, tissue specific infection, and inflammatory reaction. Furthermore, while the results are indeed exciting, the frequency of fibroblast-derived cardiomyocytes in the infarct border region was small despite significant improvements in heart function and decreased scar size. The push to achieve more efficient cardiac transdifferentiation will need to be balanced by the potential negative consequences of depleting endogenous fibroblasts and endothelial cells, since these cell types also play a critical role in postinfarct repair.
IV. CONCLUSION AND FUTURE PROSPECTS
While there is growing consensus that the mammalian heart is capable of some self-renewal, it appears quite limited and insufficient to address the loss of cardiac myocytes after injury such as myocardial infarction. Despite numerous studies to the contrary, there is mounting evidence that the prospects of substantial myocardial regeneration outside of the early perinatal period without genetic manipulation or without transplanting exogenous myocytes is very unlikely. However, a number of exciting new technologies are being tested in preclinical through phase I human studies (FIGURE 4).
Despite its rapid translation into clinical studies, the field of cardiac cell therapy is in flux. Whether the beneficial effects attributed to adult stem cell therapy in ischemic heart disease are paracrine in nature or are related to the activation of a persistent endogenous repair system that is dormant under normal circumstances remains to be determined. In addition, whether the robust remuscularization feasible with pluripotent stem cells has additive benefits will need to be determined. This highlights the critical need to explore the additional benefit that ESCand iPSC-based cardiac myocyte transplantation can provide over that by other cell sources incapable of cardiac differentiation. Regardless, the renewed interest in this field has stimulated multiple parallel fields of study that are likely to result in new potential therapies in treating cardiovascular disease.
